The preparation of Janus fibers using a new side-by-side electrospinning process is reported. By manipulating the angle between the two ports of the spinneret emitting the working fluids, Janus nanofibers with tunable structures in terms of width, interfacial area and also volume of each side can be easily fabricated.
Among the different ''top-down'' processes for nanofabrication, electrohydrodynamic atomization processes (EHDA, including electrospinning, electrospraying and e-jetting printing) have the unique capability of simultaneous modulation of sizes, shapes and compartmentalization of their nanoproducts. 1, 2 This ability has been broadly exploited for the generation of core-shell nanostructures, both in the form of electrospun fibers, nanotubes [3] [4] [5] and electrosprayed particles or bubbles. [6] [7] [8] Most recently, even complex structures such as tri-axial nanofibers have also been investigated using multi-fluid electrospinning processes. [9] [10] [11] [12] In sharp contrast, there are still very limited studies about the generation of sideby-side structures using these EHDA processes. [13] [14] [15] [16] [17] [18] [19] [20] [21] To create structures with double compartments, two types of relationships between components are feasible, one is the exterior and interior (i.e. a core-shell structure), and the other is side-by-side. The latter, being a heterojunction structure, can have an advantage for designing novel functional nanomaterials over the core-shell structures because it provides an opportunity for both components to interact with their surroundings. 22, 23 Side-by-side electrospinning involves a complex interplay between fluid dynamics, electrodynamics and rheology, and presents a challenge in controlling the movement in unison of two fluids in a side-by-side manner under an electrical field from spinneret to collector. To our knowledge, Gupta and Wilkes were the first to report the preparation of side-by-side polymer nanofibers, made of poly(vinyl chloride)/segmented polyurethane and poly(vinyl chloride)-poly(vinylidiene fluoride) using a spinneret consisting of two parallel Teflon capillaries. 13 Lin et al. reported the preparation of self-crimping side-by-side nanofibers that spontaneously formed curled helical fibers, composed of polyacrylonitrile and polyurethane, using a homemade silicone microfluidic spinneret, which consisted of three capillary channels with two of them combined in another channel in parallel to form the side-by-side outlet. 14 Later, several publications describe the preparation of side-by-side nanofibers using spinnerets made from two syringes whose needle tips were confined in a side-byside geometry. [15] [16] [17] [18] In all these studies it was possible to control the outlet of the double fluids in a parallel manner for successful preparation of Janus nanofibers. Using a different approach, we report here side-by-side electrospinning in which a series of spinnerets with varying port angles were exploited to create structure-tunable Janus fibers. Our initial purpose was to prepare high quality integral Janus nanofibers with little or no separation of the two sides, something that can happen very easily owing to mutual repulsion. However, in the process of optimizing the spinneret design we found unexpectedly that the structures of the Janus nanofibers could be manipulated easily, predominantly by varying the port angle. The variations in Janus structure include (1) the surface or volume of the double sides in their fibers, (2) the width of fibers, and also (3) their interfaces. Fig. 1 demonstrates the side-by-side electrospinning process used. A diagram of the spinneret and the side-by-side process is shown in Fig. 1a , highlighting the spinneret design, the most creative part of an electrospinning system (which also includes a power supply, syringe pumps and a collector). Fig. 1b is a digital picture of the homemade side-by-side spinneret with a port angle of 601. Fig. 1c shows the spinneret connected with the power supply and syringe pumps (the arrangement of the whole apparatus can be found in ESI †); highly elastic silicon tubes were exploited to direct the fluids from the syringe to the outlets of the spinneret A typical FESEM image of a Janus nanofiber mat prepared using the spinneret with a port angle of 601 is shown in Fig. 2a . Three points (A, B and C) were selected to conduct element composition analysis using an energy dispersive spectrometer (EDS), the results of which are given in Fig. 2b-d sequentially. Although a very small amount of 0.6 (wt%) sulphur was detected in the analysis shown in Fig. 2b , its presence demonstrates that point A is in the side of EL100/ANS-NH4. Similarly, the existence of chlorine in the spectrum shown in Fig. 2c suggested that point B is in the side of PVP K60/rhodamine b. As anticipated, the spectrum of point C in Fig. 2d shows the co-existence of sulphur and chlorine because it is a result from the whole Janus nanofiber in a lateral topology.
Four spinnerets with port angles of 401, 501, 601 and 701 were exploited to prepare the Janus nanofibers under the same electrospinning conditions (an applied voltage of 12 kV, a fixed collected distance of 15 cm, and a flow rate of 1.0 mL h À1 for both fluids).
The TEM images of the resultant Janus nanofibers are shown in Fig. 3 . As the port angle increased successively from 401 to 701, the interface of the two sides became increasingly vaguer. This is reflected by the interfacial central line between the two components which became increasingly wider and diffuse, as shown in Fig. 3a through b, c to d, while the fiber width became narrower. Data from FESEM images indicated that they have widths of 1.81 AE 0.15 mm, 1.42 AE 0.19 mm, 1.12 AE 0.15 mm and 0.87 AE 0.13 mm respectively (ESI †). A linear relationship between the width of the Janus nanofiber (W) and the port angle (y) was evident, W = 3.312 À 0.033y (R 2 = 0.9885) (Fig. 3e ).
In the side-by-side electrospinning process, the two fluid jets emanate from their own ducts, carrying the same electrostatic charge. It may be expected that the mutual electrostatic repulsion of the jets would keep the two solutions from mixing, 13, 14 or that the mutual electrostatic repulsion may also result in separation of the two sides before they are solidified, resulting in failure to form Janus nanofibers with integrated structures. However, we have shown that having an arrangement of the ports at an angle to induce the two fluids to converge at their outlet of the spinneret's nozzle facilitates the formation of integrated Janus nanofibers. A bigger port angle would result in a relatively larger diffusion of the miscible fluids, and in turn the possible formation of a region between the two sides with gradient distributions of the compositions. But because the two jets would still move to the collector in a parallel manner after they are ejected from the Taylor cone, the mixing or diffusion would be limited. 13, 19 In practice, the structure of Janus nanofibers can be tuned in a controlled manner appropriate to their potential application, through manipulation of the port angles of the spinneret. For example, when the Janus nanofibers are intended to be used as materials for solar cell systems, in which the existence of a sharp interface between the phases is crucial, 20 they can be fabricated using a spinneret with a small port angle to create a structure such as those in Fig. 3a . But when the nanofibers are designed to achieve multiple functional performances with one side to provide strong mechanical properties and the other side to furnish another property, a structure like those shown in Fig. 3d , prepared using a spinneret with a large port angle, should be adopted. For some potential applications of Janus structures, often each part is to have its own function but together they act as a whole to provide a combined action. For example, the controlled release of multiple drugs for a combined therapy. In these cases, being able to tune the volume of both sides permits the easily tailoring of the Janus fibers' functional performance. Using the same working fluids mentioned above and also the same experimental conditions but different flow rate ratios, three variants of Janus nanofibers were fabricated (Fig. 4a-c) . Although they showed a similar pink color under natural light (Fig. 4d) , they had varying colors under an ultraviolet light with a wavelength of 364 nm, from light blue to pink and to amaranth when the flow rate ratio of the EL100/ANS-NH4 side to PVP/rhodamine side changed from 0.5 : 1.5 to 1 : 1, and 1.5 : 0.5 in sequence (Fig. 4e) . The monolithic nanofibers prepared from single working fluids of either side showed the distinct color of the encapsulated single dye under ultraviolet light in Fig. 4e . As expected, the two dyes existed in their polymer matrices in an amorphous state (ESI †), suggesting that the side-by-side electrospinning processes described here can be exploited for the preparation of Janus structural composites, which are popular for designing new functional materials. 23 Particularly, the amorphous status is highly desirable for improving the dissolution of poorly water soluble drugs (one of the most difficult challenges in pharmaceutics), [24] [25] [26] and thus the present processes should provide a new platform for developing drug delivery systems for combined therapy from poorly water soluble active pharmaceutical ingredients. Moreover, these tunable Janus fiber structures should have good potential applications for fibrous guided tissue regeneration membranes because not only multiple functional ingredients such as anti-inflammatory agents, adhesive components for cell attachment and even nutritional ingredients can be loaded in them, but also one side can be managed to degrade to make way for proliferating cells. 27 No matter how complex the electrospinning process is, it is totally a physical process. However, few studies have reported on the process of electrospinning from an engineering standpoint. The mass transfer, energy transfer and also momentum transfer during electrospinning are still waiting to be characterized. The present study provides a good methodology for investigating the momentum transfer when the electrospinning process is initiated.
In summary, we demonstrated that the port angle of the spinneret has a significant influence on the character of the resultant Janus nanofibers. By manipulating this parameter, Janus nanofibers with tunable structures in terms of width, interfacial area and also volume of each side can be fabricated. These tunable Janus structures should provide a new platform for designing new functional materials and developing new nanostructures with multiple functionalities. We are further exploiting this approach to fabricate Janus structures from two immiscible working solutions, or with only one of the two fluids electrospinnable.
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Notes and references Fig. 4 Tunable volume of both sides in the Janus nanofibers using different fluid flow rate ratios. SEM images of Janus fibers produced with a spinneret with port angle 501 and with flow rate ratio of the EL100/ANS-NH4 side to the PVP/rhodamine b side of 0.5 : 1.5, 1 : 1, and 1.5 : 0.5 for (a)-(c) respectively. Digital images of nanofiber mats viewed under natural light (d) and ultraviolet light of l = 364 nm (e); mats from left to right are nanofibers of EL100/ANS-NH4, Janus nanofibers as prepared in (a) to (c), and PVP/rhodamine nanofibers.
